Heterostructures for InAs-channel high-electron-mobility transistors (HEMTs) were investigated. Reactive AlSb buffer and barrier layers were replaced by more stable Al 0.7 Ga 0.3 Sb and In 0.2 Al 0.8 Sb alloys. The distance between the gate and the channel was reduced to 7-13 nm to allow good aspect ratios for very short gate lengths. In addition, n + -InAs caps were successfully deposited on the In 0.2 Al 0.8 Sb upper barrier allowing for low sheet resistance with relatively low sheet carrier density in the channel. These advances are expected to result in InAs-channel HEMTs with enhanced microwave performance and better reliability.
INTRODUCTION
High-electron-mobility transistors (HEMTs) with InAs channels and AlSb barriers were first reported over 15 years ago, as discussed in a recent review. 1 Advantages of this material system include the high electron mobility (30,000 cm 2 /V s at 300 K) and velocity (4 · 10 7 cm/s) of InAs and a large conduction band offset between InAs and AlSb (1.35 eV). The large offset results in good carrier confinement and enhanced radiation tolerance.
2 There has been renewed interest in recent years. For example, two groups have achieved 100-nm-gate-length InAschannel HEMTs with unity-current-gain cutoff frequency, f T , and unity-power-gain cutoff frequency, f max , values of 200-300 GHz. 3, 4 Compared to stateof-the-art InP-based HEMTs with the same gate length, the InAs HEMTs provide equivalent highspeed performance at 5-10 times lower power dissipation. 4 These transistors exhibit low microwave noise, with noise figures of 0.6-0.8 dB at 10 GHz. High-frequency performance has also been achieved in antimonide-free InAs-channel HEMTs with InAlAs barriers, 5, 6 as well as InSb-channel HEMTs. Ka-band, 11 and W-band. 5, 12, 13 For example, a threestage W-band low-noise amplifier (LNA) was demonstrated with 11 dB gain at a total chip dissipation of only 1.8 mW at 94 GHz.
12 This is a factor of 3 lower power than comparable InP-based LNAs at the same frequency.
Significant increases in f T and f max have been achieved in InP-based HEMTs by reducing the gate length to less than 100 nm.
14-16 A goal of this work is to develop heterostructures for sub-100-nm InAschannel HEMTs. In order to maintain good charge control (e.g., minimal short-channel effects) in the scaled devices, it is essential that the gate-to-channel separation also be reduced. An additional advantage of reduced gate-to-channel separation is that the threshold voltage, V th , will be closer to 0 V. To quantify this, we performed modeling of V th as a function of sheet density and vertical spacing and compared the results to experimental data.
1 At a density of 2 · 10 12 /cm 2 , |V th | decreases from 1.0 V at a separation of 22 nm to 0.5 V for 10 nm, with all in depletion mode. Low |V th | is important because it allows operation at low drain voltage and hence low power dissipation. In addition, low |V th | reduces the gate-to-drain voltage and resulting breakdown phenomena.
17 Additional goals of this study include the elimination of highly reactive AlSb from the heterostructures and the addition of n + cap layers for lower access and contact resistances.
EXPERIMENTAL
A typical heterostructure is shown in Fig. 1a . Samples were grown by solid-source molecular beam epitaxy (MBE) on a Riber 21T system. The temperature was held constant near 500°C for the AlGaSb buffer, InAs channel, and InAlSb spacer layers. The temperature was decreased (usually to 450°C) for the Te d-doping, the InAlSb barrier, and the InAs cap layers. The temperature of the GaTe cell was 600°C for all samples reported here. This corresponds to a density of about 2 · 10 18 /cm 3 at a 1 ML/s growth rate. The Te dose was varied by changing the length of time the stagnant surface was exposed to a GaTe flux (soak time). The growth process was similar to that used for InAs/AlSb transistor structures in the past; more details are given elsewhere.
18 Table I includes a summary of all the samples grown for this study. Hall/van der Pauw transport measurements were made on 5 · 5 mm 2 squares at room temperature and 0.37 T. Results were confirmed at 1.0 T for selected samples. Some samples were grown for whole-wafer circuit processing. Hence, destructive transport measurements were not possible. For these samples, we report the mobility and sheet density measured by a Lehighton mobility mapping system. For all samples, we also report the resistivity measured by a different Lehighton resistivity mapping system. Atomic force microscopy (AFM) measurements were performed on selected samples to yield root-mean-square (rms) roughness. X-ray diffraction measurements were made on a double-crystal system using Cu K a radiation. Ultra-low-energy secondary ion mass spectroscopy (SIMS) measurements were conducted using 300 eV Cs + , 500 eV Cs + , and 1,000 eV Cs + ions.
RESULTS AND DISCUSSION
A band diagram of the InAlSb/InAs HEMT structure as obtained from a calibrated densitygradient simulation is shown in Fig. 1b . Both the AlGaSb and InAlSb layers provide a large conduction band offset with respect to the InAs, allowing good confinement of electrons. A significant difference between this structure and our earlier HEMTs 18, 19 is that the InAlSb upper barrier replaces InAlAs and AlSb. 20 One reason for this change was to avoid the use of pure AlSb, because Miya et al. showed that replacing 20-40% of the Al with Ga in AlGaAsSb greatly reduces oxidation.
21
The x-ray diffraction data for sample Q is shown in Fig. 2 . Peaks are visible for the GaAs substrate, AlGaSb buffer, InAs channel, and InAlSb barrier layers. Assuming the nominal layer thicknesses shown in Fig. 1a (13-nm InAlSb), simulations using RADS software from Bede Scientific yielded a good match to the experimental data for layers of Al 0.68-Ga 0.32 Sb, R = 97.9%; InAs, R = 15%; and In 0.207-Al 0.793 Sb, R = 0%, where R is the degree of relaxation. Such fits are not unique, because, for example, other combinations of composition and relaxation of the Al x Ga 1-x Sb layer can yield the same Bragg angle. The value of x = 0.68 was chosen because it is in reasonable agreement with our nominal value of 0.70 from MBE reflection highenergy electron diffraction (RHEED) oscillation calibrations and because the corresponding relaxation value is close to what we have found in the past for pure AlSb layers of similar thicknesses on GaAs.
18 If R > 0 is assumed for the In y Al 1-y Sb layer, then larger values of y are required and are not consistent with our nominal value. For the InAs layer, the experimental peak position can also be matched for R = 0% if 2% Sb cross-contamination is assumed. Our results suggest that the InAlSb and 
